Abstract Traumatic brain injury (TBI) is a devastating neurological disorder that usually presents in acute and chronic forms. Brain edema and associated increased intracranial pressure in the early phase following TBI are major consequences of acute trauma. On the other hand, neuronal injury, leading to neurobehavioral and cognitive impairments, that usually develop months to years after single or repetitive episodes of head trauma, are major consequences of chronic TBI. The molecular mechanisms responsible for TBI-induced injury, however, are unclear. Recent studies have suggested that early mitochondrial dysfunction and subsequent energy failure play a role in the pathogenesis of TBI. We therefore examined whether oxidative metabolism of 13 C-labeled glucose, lactate or glutamine is altered early following in vitro mechanical percussion-induced trauma (5 atm) to neurons (4-24 h), and whether such events contribute to the development of neuronal injury. Cell viability was assayed using the release of the cytoplasmic enzyme lactate dehydrogenase (LDH), together with fluorescence-based cell staining (calcein and ethidium homodimer-1 for live and dead cells, respectively). Trauma had no effect on the LDH release in neurons from 1 to 18 h. However, a significant increase in LDH release was detected at 24 h after trauma. Similar findings were identified when traumatized neurons were stained with fluorescent markers. Additionally 13 C-labeling of glutamate showed a small, but statistically significant decrease at 14 h after trauma. However, trauma had no effect on the cycling ratio of the TCA cycle at any timeperiod examined. These findings indicate that trauma does not cause a disturbance in oxidative metabolism of any of the substrates used for neurons. Accordingly, such metabolic disturbance does not appear to contribute to the neuronal death in the early stages following trauma.
Introduction
Traumatic brain injury (TBI) is an important clinical condition which is associated with a high morbidity and mortality. It is estimated that 7.7 million individuals who have experienced a TBI in the European Union have neurological disabilities [1] . TBI affects 3 out of every 1000 Americans accounting for as many as 56,000 deaths and hundreds of thousands hospital admissions per year [2] . Approximately 200,000 individuals in the US live with disabilities resulting from TBI [1, 3] , which is associated with immense socio-economic consequences.
While the mechanisms responsible for tissue injury in TBI remain poorly understood, a number of factors have been implicated in its mechanisms; these include the loss of plasma membrane integrity and depolarization [4, 5] ; loss of ion homeostasis (in particular Ca 2? , K ? and Na ? ) [4, 6] ; development of brain edema, ischemia, hyperthermia [7, 8] ; inflammation [9] ; glutamate-induced excitotoxicity [6, 10] ; and the production of reactive oxygen species (ROS) [11] . However, current treatment strategies aimed at reducing or preventing TBI associated complications based on the above observations are unsatisfactory, as the precise pathophysiological events occurring after TBI remain incompletely understood.
In addition to the above mentioned factors observed after TBI, various studies indicate that neuronal energy metabolism is affected after TBI which may also contribute to the development of neuronal injury [12] [13] [14] [15] . Recently, Robertson et al. [16] and Casey et al. [17] , showed mitochondrial dysfunction, as well as a decrease in the neuronal marker, N-acetylaspartate, early after traumatic insults (4 h). However, using [ 13 C]glucose and NMR spectroscopy, Robertson et al. [16] reported that oxidative glucose metabolism was not altered at 24 h after trauma in rat brain. Additionally, Bartnik et al. [18] , reported that the entry of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose into the TCA cycle was not inhibited, and that oxidative metabolism in glutamatergic neurons was maintained after TBI in adult rats as opposed to a decrease in oxidative metabolism 6 h post-injury in immature rat brains [15] . Our study was therefore designed to investigate the status of oxidative metabolism of glucose and other energy substrates early (6-24 h) after in vitro trauma to cultured neurons.
Since neurons are known to be able to employ glucose, lactate, and glutamine as metabolic substrates, cultured neurons were incubated in media containing 13 C-labeled substrates post-trauma, and changes in the metabolism of glucose, lactate and glutamine were measured at different time-periods [19] . Cellular integrity and viability were also examined using the lactate dehydrogenase (LDH) release assay [20, 21] in combination with the LIVE/DEAD Ò viability/cytotoxicity assay [22] to correlate the possible changes in neuronal metabolism with cell injury.
Materials and Methods

Neuronal Cultures
Cerebral cortical neuronal cultures were prepared by a modification of the method described by Hertz et al. [23] . Briefly, cortices were removed from 16 to 18 day-old rat fetuses and placed in DMEM-high glucose (30 mM) containing 25 mM KCl and 10 % horse serum. The tissue was minced and mechanically dissociated with a pipette. Approximately 1-2 9 10 6 cells per ml were seeded onto poly-D-lysine-coated 35 mm culture dishes. To prevent the proliferation of astrocytes, cytosine arabinoside (10 mM) was added to the culture medium 48 h after seeding. These cultures consist of at least 90 % neurons as determined by immunocytochemical staining for neurofilament protein; the remaining cells were principally astrocytes. Experiments were performed on cultures that were 10-12 days old.
Cytotoxicity Assays
The activity of LDH was measured as previously described by Wroblewski and LaDue [24] with modifications [21] . Released LDH was calculated as the percentage of LDH in the medium versus total LDH activity (cells plus medium).
Cytotoxicity was also measured by the LIVE/DEAD Ò Viability/Cytotoxicity assay using a kit (Cat# L-3224, Life Technologies). Briefly, at different time points after trauma (3, 6, 12, 18, 24 h ), traumatized and non-traumatized neuronal cultures were washed twice with DMEM without phenol red and serum, and incubated with calcein-AM and ethidium homodimer-1 simultaneously for 20 min at 37°C. Cells were then visualized with a Nikon Diaphot inverted fluorescence microscope equipped with multi-variant fluorescence filters as described previously [22] . The number of calcein-AMstained cells (green fluorescence, live cells), as well as ethidium homodimer-1-positive (red fluorescence, dead cells) nuclei were counted from 15 random fields of the culture plate (109 objective) using the Sigma Scan Pro 5 program [22] .
In Vitro Trauma
Since cellular heterogeneity and differential cellular sensitivity to injury are important characteristics of the CNS, and as changes in neuronal energy metabolism have been implicated in the pathogenesis of TBI, we examined whether neuronal metabolism of glucose, lactate and glutamine might be affected after trauma. We therefore used a fluid percussion injury (FPI) model of in vitro cell injury capable of accurately delivering 1-5 atm of pressure [25] [26] [27] . The system is identical to the one used in numerous in vivo studies, but which has been modified for cell cultures [26] [27] [28] . The in vitro system has the unique advantage of clearly delineating mechanisms and analyzing the responses to trauma in different cell types (neurons and astrocytes). We have found that this system reliably produces consistent degrees of traumatic injury [28] [29] [30] . Additionally, many of the findings occurring in TBI in vivo, including neuronal death in the early stages following trauma (24 h) [31] [32] [33] ; changes in neuronal proteins (i.e., altered synaptic proteins including PSD95, NMDA-R, synaptotagmin, synaptophysin and NADPH oxidase activity [34] [35] [36] [37] [38] ; altered neuronal signaling systems (MAPKs activity and changes in transcription factor levels) [30, 39] ; and characteristic morphologic changes [40] are also observed in these cultures following mechanical trauma. Additionally, we previously documented that following in vitro mechanical trauma to cultured astrocytes, changes in various intracellular signaling systems, as well as in cell swelling occurred [27] [28] [29] [30] , and that such changes correlated well with in vivo findings [32, 41] . Altogether, these findings strongly suggest that our in vitro cell injury system is indeed a highly suitable system for investigating mechanisms of trauma-induced injury to neural cells.
Briefly, the injury chamber was coupled to the FPI device with non-distensible Tygon tubing, and the piston was percussed by the weighted pendulum at varying angles of incidence [27] [28] [29] [30] . Five atmospheres of pressure were administered twice for a 25-ms duration each. Pressures were continuously recorded with a PowerLab system (AD Instruments, Inc., Colorado Springs, CO) interfaced with a high-speed pressure transducer. Sham controls were treated exactly like the traumatized cells, except that fluid percussion was omitted.
Metabolic Studies
Cultured neurons were incubated in media containing a combination of 13 C-labeled and non-labeled substrates (glucose, lactate and glutamine), and gas chromatography-mass spectrometry (GC-MS) was used to obtain critical information about neuronal metabolism (for references see Walls et al. [19] ). Accordingly, our study was designed to gain information about changes in the metabolic handling of glucose, lactate and glutamine after exposure of cultured cortical neurons to FPI. The culture dishes were filled with 1.5 ml fresh culture medium and subjected to trauma as described above. Following trauma, the medium was removed and the cultures were washed twice with PBS. The cultures were then provided with 1.5 ml of fresh medium, and returned to the incubator for 4, 12 or 16 h, after which the culture media were exchanged with a similar medium containing uniformly 13 C-labeled substrate in combination with the unlabeled co-substrate; i.e., one labeled substrate plus the unlabeled co-substrates glucose (2.5 mM), lactate (1 mM), or glutamine (0.5 mM), and then incubated for two hours. Thus, for all experiments, three substrates were present, but only one was labeled with 13 C. The incubation was terminated by washing twice with ice-cold PBS, and the cultures were lysed in 70 % (v/v) ethanol. Following centrifugation, the supernatants (the cell extracts) where adjusted to pH 1-2 with HCl, lyophilized and reconstituted in water for GC-MS analysis. The reconstituted cell extracts were derivatized and analyzed by GC-MS as described elsewhere [42] . The isotopic enrichment was adjusted for natural abundance and calculated according to Biemann [43] , and the percentage amounts of the different isotopomers of glutamate (M ? 1, M ? 2, M ? 3, M ? 4 and M ? 5) thus allowing for the calculation of the percent molecular labeling (MCL), and the cycling ratio of the TCA cycle [17, 29] . MCL (%) is defined as the content of 13 C atoms within a metabolite pool, e.g., if glutamate has an MCL (%) of 50, it means that 50 % of all carbon atoms in the glutamate pool are 13 C [19] . The cycling ratio is defined as the sum of the glutamate isotopomers derived from a-ketoglutarate generated in the second or later turns of the cycle divided by that derived after the first turn [19] .
Statistical Analysis
Each experimental group consisted of four culture dishes for each time point examined. Experiments were performed in triplicate or quadruplicate, and the cultures were obtained from at least 5-6 separate seedings. The data were subjected to analysis of variance (ANOVA) followed by Tukey's post hoc comparisons. At each time point, the experimental cultures were compared to their respective controls.
Results
LDH Release
The integrity of the plasma membrane of cultured neurons was assessed by monitoring the release of the cytosolic enzyme lactic acid dehydrogenase (LDH) into the incubation medium. The level of LDH in the medium of shamtreated neurons was 15-16 % of that observed in non-incubated control cultures, regardless of the time period after the sham-treatment (Fig. 1) . As observed in Fig. 1 , percussion-induced trauma (5 atm) had no effect on LDH release from 1 to 18 h after trauma. However, as shown in Fig. 1 , a significant increase in LDH release was detected 24 h after trauma (38 %, p \ 0.05).
Fluorescence Labeling of Cells
As an additional assay to monitor cell death, we used the fluorescent markers, calcein and ethidium homodimer-1, for identifying live/dead cells. As documented in Fig. 2 , the sham-treated and traumatized neurons exhibited a comparable ratio of green and red fluorescing cells. This finding is in accordance with the results of the LDH release assay in that only a small population of cells had been damaged at 18 h after trauma.
Biochemical Studies
In order to assess the metabolic capacity of traumatized neurons relative to that of sham-treated cells, the cultures were incubated for 2 h in a medium containing a mixture of glucose, lactate and glutamine with one of the substrates labeled uniformly with 13 C (see ''Materials and Methods'' for details). Results from the experiments using [U- 13- C]glucose as the labeled substrate are shown in Fig. 3a-d . Figure 3d summarizes the total molecular carbon labeling (MCL, %) of glutamate which was detected at 14 h after trauma with a small, but statistically significant decrease in the MCL in traumatized cells, likely reflecting the decrease in the M ? 2 isotopomer (Fig. 3b) . No effects on the cycling ratio of the TCA cycle was observed at any of the time periods examined (Fig. 3a-c) . When the other substrates (e.g., lactate and glutamine) were 13 C-labeled, no effects on labeling were observed in traumatized neurons as compared to sham-treated cultures (results not shown except for the 6 h incubation period, Fig. 4a, b) . To allow for a comparison of the extent of labeling between the different substrates, Fig. 4a , b documents the isotopomer labeling, MCL, and the cycling ratios for [U- 13 C]lactate (Fig. 4a ) and [U- 13 C]glutamine (Fig. 4b) after a 6 h incubation period. The labeling intensity for lactate was found to be much lower than that for glucose (see Fig. 3a, d ), while the cycling ratio for lactate was similar to that seen for glucose. When glutamine was used as the labeled substrate (Fig. 4b) the MCL was comparable to that observed when glucose was used as the labeled substrate (see Fig. 3d ). As the Percentage of LDH in the medium versus total LDH activity (cells plus medium) was determined in control (non-traumatized sham) and traumatized neurons. Trauma had no effect on LDH release from 1 to 18 h after trauma. However, a significant increase in LDH release into the culture medium was detected at 24 after trauma. *p \ 0.05 versus control. S sham, T trauma metabolism of glutamine to glutamate is very different from that of glucose, it was not possible to compare the isotopomer distribution between these two substrates.
Discussion
Our findings demonstrate that FPI to cultured neurons caused a significant increase in neuronal death at 24 h. However, trauma had no effect on the cycling ratio of the TCA cycle from 6 to 18 h when glucose was used as the labeled substrate, although a small, but statistically significant decrease in the MCL was observed at 14 h after trauma. The lack of effect on the cycling ratio was also observed for the other two substrates. These findings indicate that trauma did not cause a significant change in oxidative glucose, lactate and glutamine metabolism in neurons, and thus likely did not contribute to the neuronal death observed in the early stages following trauma.
However, it should be noted that if ATP production is lower under the present experimental conditions, a certain degree of uncoupling may occur without being detectable in the 13 C-labeling. It was further observed that glutamine was extensively metabolized in neurons, a finding similar to that of previous studies [44] [45] [46] [47] . By contrast, lactate was metabolized to a much lesser extent than glucose, a finding reported previously by Bak et al. [48] . It may be noted, however, that Bouzier-Sore et al. [49] found that lactate was as efficient, if not better, than glucose as a neuronal energy substrate.
Mitochondrial dysfunction has been frequently reported in brains of animals after experimental TBI (for references, see ''Introduction''). These changes have been identified early after brain injury (1-4 h) which persisted for daysweeks after TBI [50] . Further, changes in key proteins involved in glial and neuronal stress, oxidative metabolism, calcium uptake and neurotransmitter function, as well as significant reductions in the concentration of branched chain amino acids (BCAAs), and associated cognitive impairment were described following experimental TBI [51, 52] . Similarly, neuronal death was reported to occur early post-trauma (24 h) [50] . However, it is not clear whether neuronal oxidative glucose metabolism is altered early post-trauma, and whether such alterations play any significant role in the neuronal death observed after trauma. Brain metabolic changes have also been detected in patients with TBI by NMR spectroscopy [53] [54] [55] , and such changes were shown to be associated with long-term behavioral and cognitive deficits [56] . Additionally, increased lactate level (from 4 to 24 h) in the ipsilateral hemisphere of the immature rat brain, as well as decreased N-acetylaspartate (24 h to 7 days), were identified in animal models of TBI [16] . Further, Scafidi et al. [15] showed a decrease in the cycling ratio in glutamate (labeled from glucose metabolism) after TBI in immature rat brain. The current study, however, demonstrates that trauma did not cause any significant change in oxidative metabolism of glucose, lactate or glutamine in neurons in vitro. In particular, we measured the cycling ratio which reflects the activity of the TCA cycle, and found that trauma had no effect on this ratio, indicating that the activity of the TCA cycle was not impaired at any of the time periods examined (6-18 h). On the contrary, the total MCL of glutamate, a parameter reflecting overall metabolism, exhibited a small, but statistically significant decrease at 14 h after trauma. Since neuronal death occurs 24 h after trauma and changes in oxidative glucose metabolism were not detected in neurons prior to this time period (6-18 h), our findings strongly suggest that neuronal oxidative glucose metabolism is not directly involved in the process of neuronal death in the early stages following trauma.
Our findings showing no change in oxidative metabolism 6-18 h post injury differ from those reported by Scafidi et al. [15] , who showed a decrease in oxidative metabolism 6 h post-injury in immature rat brains. Bartnik et al. [18] , however, found that at 3.5 and 24 h after TBI in adult rats, the entry of [1,2- 13 C]glucose into the TCA cycle was not inhibited, and that oxidative metabolism in glutamatergic neurons was maintained. It is therefore likely that the differences between the present study, and those reported by Scafidi et al. [15] are that the age of neurons (mature vs. immature), likely played a significant role, since our findings are almost identical to those observed in adult brains after TBI as reported by Bartnik et al. [18] .
While the mechanisms by which mechanical trauma to neurons in the early time period caused cell death are unclear, it is possible that increased oxidative stress may have been involved, as we and others have reported that trauma to cultured neurons increased free radical production early on (30-60 min) [26, [57] [58] [59] . Since free radicals are well-known to increase a number of signaling systems [29, 30] , including the stimulation of various cell death signaling pathways, it is possible that increased free radicals in the initial phase following trauma may have contributed to the neuronal death following TBI.
As noted above, it is also possible that changes (increases/decreases) in the expression of a number of neuronal genes following trauma [60] , may have been induced, thereby affecting intracellular signaling systems in neurons, which may have contributed to neuronal death following TBI. Hence, acutely injured and degenerating neurons after TBI may die by a mechanism of cell death involving the activation of discrete signaling pathways. Such pathways include the pro-cell death regulatory pathways initiated by genotoxic (DNA) damage in neurons, possibly as a result of increased production of ROS [61] . C]glutamine (0.5 mM) for 2 h (i.e., from 4 to 6 h posttrauma), respectively. The experiments were performed in the presence of unlabeled glucose (2.5 mM), along with either unlabeled glutamine or lactate, and the labeling in intracellular glutamate was determined by mass spectrometry. The molecular carbon labeling (MCL, %) and TCA cycling ratio were determined as described in the ''Materials and Methods'' section. No differences were observed, suggesting that the metabolism of lactate or glutamine are not affected 6 h after in vitro trauma. The data are presented as mean ± SEM. Statistics were calculated employing ANOVA, followed by Tukey's multiple comparisons test. No statistically significant changes were observed Such cellular stresses are linked to the activation of numerous downstream signaling pathways, such as the cyclin-dependent and stress-activated kinases, DNA-dependent protein kinases, ATM and p53 [62] . Cell death signals can also be activated through cell membrane receptors such as the Fas and TNF receptors, as well as by pro-apoptotic factors (Bax, Bak, Bad, Bim Bok, Noxa, PUMA) [62] . Additionally, changes in the mitochondrial membrane permeability that occurs following trauma [63] may release numerous apoptotic mediators from the intramitochondrial space, including cytochrome c, endonuclease G and apoptosis-inducing factor, all of which may result in neuronal death [64 and references therein] .
In summary, our findings demonstrate that mechanical injury to cultured neurons caused a significant increase in neuronal death; yet, no significant change in oxidative glucose, lactate or glutamine metabolism was identified immediately prior to cell death, indicating that a disturbance in oxidative metabolism in neurons per se does not contribute to the neuronal death in the early stages following trauma. We therefore propose that oxidative stress and the subsequent induction of intracellular signaling systems that are known to be activated in the early phase post-trauma, likely play a major role in the neuronal death in the early phase following CNS trauma.
